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Abstract
In automotive radar applications, multiple radars are used in all vehicles for improving the imaging
quality. However this causes radar-to-radar interference from neighbouring vehicles, thus reducing the
imaging quality. One metric to measure the imaging quality is ranging success probability. The ranging
success probability is the probability that a multiple radar system successfully detects an object at a
given range, under certain operating conditions. In state-of-the-art literature, closed form expressions
for ranging success probability have been derived assuming no fading in desired signal component.
Similarly in literature, though distribution of fading in interferers is assumed to be arbitrary, closed
form expression is derived only for no-fading assumption in interferers. As fading is always present in
a wireless channel, we have derived ranging success probability assuming desired channel experiences
the popular Rayleigh fading. And we have assumed generalized κ-µ shadowed fading for interfering
channels that generalizes many popular fading models such as Rayleigh, Rician, Nakagami-m, κ-µ etc.
The interferers are assumed to be located on points drawn from a Poisson point process distribution.
We have also studied how the relationship between shadowing component and number of clusters can
affect the impact of LOS component on ranging success probability.
Keywords — Ranging success probability, automotive radar, Poisson point process, generalized
κ-µ shadowed fading
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2I. INTRODUCTION
Automotive radar is the key component in successful development of driverless cars [1].
With increase in deployment of driverless cars, interference from other vehicles will affect radar
operations [2]. To quantify the impact of interference, a very popular metric that is used is
ranging success probability, which is defined as the probability of reliably detecting a target
given a certain set of operating conditions [3].
Applying stochastic geometry based modeling for automotive radar applications has been
pioneered in [3]. To model the interference, we assume that the interfering vehicles are distributed
in a 1-dimensional Poisson point process (PPP) as in [3]. PPP based modeling of automotive
radar has gained a lot of attention recently in [4], [5]. PPP based modeling of interference is
already very popular in cellular networks [6]. Apart from modeling modern networks very well,
PPP based modeling also helped in deriving closed form expression of coverage probability in
cellular networks.
In [3], fading is not considered in desired channel and interferers are assumed to experience
arbitrary fading. Closed form expression for ranging success probability was derived assuming
no fading for interfering channels. Unlike cellular networks, here the desired signal received back
at the source is composed of the signal from the source to target and the signal back from target
to source. Hence the desired channel power at the source is a product of the power received at
target and power received back at source. If fading is assumed, the desired power will be product
of two independent channel power random variables, making the analysis difficult. In this paper
we assume the popular Rayleigh fading distribution for the desired channel. Hence the desired
channel power is product of independent exponentially distributed random variables whose PDF
can be expressed in terms of Bessel function. Hence, we have used Gamma-Laguerre integral
approach to express the PDF as weighted sum of Gamma distribution, to derive the ranging
success probability. To the best of our knowledge, such analysis of a “product channel” has not
been done in literature for a PPP network.
In this paper we assume the interferers experience generalized κ-µ shadowed fading [7] and
derive a closed form expression for ranging success probability. The advantage is that κ-µ
shadowed fading generalizes popular fading distributions such as Rayleigh, Rician, Nakagami
etc. Hence closed form expressions of ranging success probability can be derived as special
cases when interferers experience Rayleigh, Rician, Nakagami, κ-µ fading etc. also
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3Previously, κ-µ shadowed fading has been used extensively for analysis of cellular networks,
as it generalizes popular fading models. In [8], closed form expression for coverage probability of
a cellular network was derived in the presence of κ-µ shadowed fading. In [9], [10] 5G cellular
networks were analysed in the presence of κ-µ shadowed fading. Similarly, communication
networks were analysed in the presence of generalized fading for mm-wave [11] and device-to-
device technologies [12].
The PDF of κ-µ shadowed fading is in terms of Hypergeometric function. To make it amenable
for analysis, PDF of κ-µ shadowed fading has been expressed in terms of density function
of Gamma distribution in different ways. In [8], by using definition of 1F1 hypergeometric
function, PDF of κ-µ shadowed fading channel power was expressed as infinite sum of weighted
Gamma density functions. In [13], PDF of κ-µ shadowed fading was approximated by a single
Gamma distribution using moment matching approach. In [14] for integer parameters, PDF of
κ-µ shadowed fading was expressed as finite sum of Gamma density functions.
To the best of our knowledge, for the first time, in this paper we have studied how the
relationship between shadowing component (m) and number of clusters (µ) can affect the impact
of LOS component (κ) on ranging success probability. We show that when there is full shadowing
(m=0.5), with increase in LOS component κ in interferer, Ps increases. Similarly when there is
no shadowing component (m=∞), with increase in LOS component κ in interferer, Ps decreases.
As a practical application, our results can also be used to suggest when it would be best for
city planners to increase longitudinal distance (δ0) for a given inter-lane distance or vice versa.
We also show the importance of results derived in this paper assuming fading by comparing
it with no-fading cases in desired and interfering channels. We have also observed how the
value of distance to desired target (R) can influence the impact of change in desired path loss
exponent (αd) on ranging success probability. Similarly, we have also observed how the value
of longitudinal distance (δ0) can influence the impact of change in interferer path loss exponent
(αI) on ranging success probability. The formulae derived for different fading scenarios will help
system planners get an idea of SINR threshold required to achieve target success probability, for
any of the popular fading that they observe in real life scenarios.
In Section II, system model is provided. In Section III, contributions of this paper and notations
used are discussed. In Section IV, ranging success probability when desired channel experiences
Rayleigh fading is derived. In Section V, ranging success probability when desired channel
experiences no-fading is derived. In Section VI, results are discussed in great detail. In Section
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4VII, conclusions and future work are provided.
Desired
channel Interferer fading Equation no.
Rayleigh-
Rayleigh
κ-µ shadowed Exact (13)
κ-µ shadowed Approx. (21)
Rician shadowed (21) for µ=1,κ=K
κ-µ (24)
Rician (24) for µ=1,κ=K
Nakagami-m (25)
Rayleigh (25) for mˆ=1
Rayleigh, arbitrary L (26)
No
fading
κ-µ shadowed Exact (28)
κ-µ shadowed Approx. (32)
Rician shadowed (32) for µ=1,κ=K
κ-µ (34)
Rician (34) for µ=1,κ=K
Nakagami-m (35)
Rayleigh (36)
Table I: List of Contributions
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tion
Description
S Signal Power
I Total interference power
Ix Interference power at distance x
from source
αd Path loss exponent of desired chan-
nel
αI Path loss exponent of interferer
R Distance between source and target
L Distance between lanes
δ0 Minimum horizontal distance to in-
terferer
P0 Power of transmission from source
Gt Transmit antenna gain
σc Radar cross section area of the tar-
get
Ae Effective area
g0 Fading channel power from source
to target
g′0 Fading channel power from target
to source
g0 Fading channel power from source
to target
g′0 Fading channel power from target
to source
γ0 GtAeP0/(4pi)
γ1 σc/(4pi)
c0 γ0γ1
θ Beamwidth of antenna
Ps Ranging success probability
N Number of weights
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6Source Target
R
Interferer 1
xL
δ0
θ
Fig. 1: System Model
Nota-
tion
Description
σ2 AWGN power
ρI Density of PPP of interferers
µ Number of clusters in κ-µ shad-
owed fading
κ LOS component in κ-µ shadowed
fading
m Shadowing component in κ-µ
shadowed fading
gx Power of interference fading chan-
nel
K Rician shape parameter
mˆ Nakagami shape parameter
gp g0 g
′
0
Table II: List of Notations
II. SYSTEM MODEL
We consider the same system model (Fig. 1) as in [3] for a fair comparison. The source is at
a distance R from the target. Let L be the distance of separation to the lane in which interfering
vehicles move in opposite direction. Let δ0 be the minimum horizontal distance beyond which the
vehicles coming in opposite lane act as interferers. The distance δ0 is related to the beamwidth
of the antenna.
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7A. Signal Power
Let P0 be the transmit radar power, Gt be the transmit antenna gain, Ae be the effective area,
σc be the radar cross section area of the target, g0 be the channel fading power from source to
target, g′0 be the channel fading power from target to source. The signal from source radar hits
the target and returns to the source. So the received signal power at source is given as
S =
P0Gtg0
4piRαd
σcAeg
′
0
4piRαd
= γ0γ1g0g
′
0R
−2αd
= c0gpR
−2αd (1)
where gp = g0g
′
0, γ0 =
GtAeP0
4π
=G2tP0(
c
4πf
)2, γ1 =
σc
4π
, c0 = γ0γ1, f is the operating frequency, c
is the velocity of light, αd is the desired channel’s path loss exponent. When αd=2, the standard
radar equation, which follows the inverse square law is obtained.
B. Interference power
The vertical distance L between two lanes is related to beamwidth of antenna as [3] L =
δ0tan(
θ
2
). Interference from interferer at distance ||x||, with fading power gx is given as Ix =
γ0||x||−αI |gx|. Total interference power is
I =
∑
xǫΦ
Ix, (2)
where Φ is the homogeneous Poisson point process of interferers with density ρI .
The minimum distance of interferer is
||x|| =
√
r2 + L2, r > δ0 (3)
Ranging success probability is defined as
Ps = P
(
S
I + σ2
> T
)
(4)
where σ2 is the additive white Gaussian noise power.
III. CONTRIBUTIONS AND NOTATIONS
First we will derive the ranging success probability assuming the desired channels experience
Rayleigh fading. Hence in (1), g0, g
′
0 are independent and exponentially distributed of mean g0,
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8g′0. For this, the ranging success probability will be derived by expressing the ranging success
probability in terms of Laplace transform of interference. This is done by expressing product
of density function of g0, g
′
0 which is a modified Bessel function of second kind, zero order in
terms of weighted sum of exponential PDF using Gaussian Laguerre method. In [3] no fading
was considered in desired channel. Though arbitrary fading was considered in interferers, closed
form results were derived only for special case of no-fading. Here we assume the interferers to
experience generalized κ-µ shadowed fading and derive ranging success probability for many
special cases of fading in interferers such as Rayleigh, Rician, Nakagami-m, κ-µ etc. In [3],
ranging success probability was derived for specific parameters such as path loss exponent of 2,
L=0, δ0=0. This is because. to derive ranging success probability, without considering fading in
desired channel, requires the CDF of interference. CDF of interference can be derived in closed
form, only for these parameters. Whereas by considering fading, we have expressed PDF of
desired signal power in terms of weighted sum of exponential PDF. This enables us to express
ranging success probability in terms of Laplace transform of interference alone. As Laplace
transform of interference need not be inverted to derive the PDF/CDF of interference, ranging
success probability can be derived for arbitrary parameters of α, L, δ0.
Next, ranging success probability is derived when there is no fading in the desired channel as
in [3] i.e. when g0 = 1, g
′
0 = 1 in (1), but by assuming the fading in interference to experience κ-
µ shadowed fading. In [3], closed form expressions were given only when interfering channels
experience no-fading. From the ranging success probability derived for κ-µ shadowed fading
model in interferers, the same can be derived when interferers experience Rayleigh, Nakagami-
m, Rician, κ-µ fading etc. as special cases. Also ranging success probability is derived when
there is no-fading in interference as a special case, validating the expression derived in [3].
Our contributions mentioned above, are listed in Table I to provide a quick overview to readers.
The list of notations that are used in this paper is given in Table II. In the next Section, we will
derive the ranging success probability when desired channel experiences Rayleigh fading.
IV. RANGING SUCCESS PROBABILITY WHEN DESIRED CHANNEL EXPERIENCES RAYLEIGH
FADING
In this Section, ranging success probability is derived when desired channel experiences
Rayleigh fading, interfering channels experience generalized κ-µ shadowed fading channel. Also
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9ranging success probability is derived when interferers experience other fading models such as
Rayleigh, Rician, Nakagami-m, κ-µ etc. as special cases.
In (4), ranging success probability is defined as
Ps = P (
S
I + σ2
> T )
= P (S > T (I + σ2))
Substituting for signal power S from (1),
Ps = P (c0gpR
−2αd > T (I + σ2)) (5)
= P
(
gp >
T (I + σ2)R2αd
c0
)
(6)
So we have to derive the PDF and CDF of the product channel gp = g0g
′
0.
As the fading of desired channel is Rayleigh, g0 and g
′
0 are independent and exponentially
distributed of mean g0, g
′
0 respectively. Product of random variables g0 and g
′
0 is gp whose mean
is gp = g0g′0.
So PDF of gp is given in [15] as
fgp(x) =
2K0(2
√
x
gp
)
gp
where K0 is modified Bessel function of second kind of zeroth order defined as
K0(z) =
1
2
∞∫
0
e−z(y+1/y)/2
y
dy
fgp(x) =
1
gp
∞∫
0
e
−√ x
gp
(y+1/y)
y
dy
Substituting t =
√
x
gp
y,
fgp(x) =
1
gp
∞∫
0
e
−(t+ x
gpt
)
t
dt (7)
In [16], it is given that if
fγ(x) =
λmxm−1
Γ(m)Γ(k)
∫ ∞
0
e−tg(t) (8)
where
g(t) = tα−1e−
λx
t , (9)
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λ = km
γ
, α = k −m, then I = ∫∞
0
e−tg(t) can be represented as I ≈
N∑
i=1
wig(ti). The weights
wi and abscissas ti are obtained using Gaussian-Laguerre integration [17]. Hence fγ(x) can
be represented as weighted sum of PDF of Gamma distributions given as
N∑
i=1
wifi(x) where
fi(x) =
Ψ
βi
i x
βi−1e−Ψix
Γ(βi)
. The parameters are βi = m, Ψi =
λ
ti
.
Comparing (8) with (7), λ = 1
gp
, m=1,
g(t) = e
− x
gpt . (10)
Comparing (9) with (10), α = 0, k = 1, we get
fgp(x) =
N∑
i=1
wie
− x
gpti
gpti
(11)
So fgp(x) is a weighted sum of exponentials of mean gpti. The weights wi and abscissas ti are
computed numerically in Matlab or Mathematica using standard functions for Gaussian-Laugerre
method. As weights wi sum to 1, CCDF is
F gp(x) =
N∑
i=1
wie
− x
gpti (12)
A. κ− µ shadowed fading interferer channels
In this Section, ranging success probability is derived when desired channel experiences
Rayleigh fading and interferers experience κ-µ shadowed fading. First, an accurate expression
is derived in Theorem 1 and then a simpler approximation is derived in Corollary 1.
Theorem 1. For arbitrary αd, αI , δ0, when desired channel experiences Rayleigh fading and
interferers experience κ-µ shadowed fading, ranging success probability Ps is
N∑
i=1
wie
−ρI
∞∑
l=0
wIlδ0(−1+2F1(−
1
αI
,l+µ,
αI−1
αI
,−
TR2αdδ
−αI
0
γ0
c0tigpµ(1+κ)
))
e
Tσ2R2αd
c0tigp
(13)
where wIl =
Γ(m+l)(µκ)lmm
Γ(m)l!(µκ+m)l+m
, wi and ti are weights and abscissas found from Gaussian-Laugerre
method.
Proof. Ranging success probability from (6) is
Ps = F gp(
T (I + σ2)R2αd
c0
)
Substituting CCDF from (12),
Ps = EI(
N∑
i=1
wie
−T (I+σ2)R2αd
c0gpti )
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Ps =
N∑
i=1
wiLI(
TR2αd
c0tigp
)e
−Tσ2R2αd
c0gpti (14)
where LI(s)=EI(e
−sI). So to derive the ranging success probability, LI(s) will be derived next.
Total interference power from (2) is
I =
∑
x∈Φ
γ0gx||x||−αI
Let gx be the power of the interferer κ-µ shadowed fading channel. Let gx be of unit mean
power, without loss of generality. Its probability density function is given as [7]
fgx(x) =
µµmm(1 + κ)µxµ−11F1(m;µ;
µ2κ(1+κ)x
µκ+m
)
eµ(1+κ)xΓ(µ)(µκ+m)m
(15)
where 1F1(a; b; z) =
∞∑
l=0
(a)lz
l
(b)ll!
, (a)l =
Γ(a+l)
Γ(a)
. Using above definitions, and from [8], we will
represent the PDF of power of κ-µ shadowed fading channel as weighted sum of PDF of Gamma
distribution of shape and scale parameters (l + µ, 1
c
). So
fgx(x) =
∞∑
l=0
wIl
e−cxxl+µ−1cl+µ
Γ(l + µ)
where c = µ(1 + κ), wIl =
Γ(l+µ)(m)l(
µκ
µκ+m
)l( m
m+µκ
)m
Γ(µ)l!(µ)l
. Using the above discussion, we will derive
Laplace transform of interference.
LI(s) = E(e
−sI)
= E(e
−s ∑
xǫΦ
Ix
)
= EIx,Φ(
∏
xǫΦ
e−sIx)
= Egx,Φ(
∏
xǫΦ
e−sγ0gx||x||
−αI )
Using probability generating functional [18],
EΦ(
∏
xǫΦ
f(x)) = exp

−λ ∫
R
(1− f(x))dx


Hence
LI(s) = exp

−ρI
∞∫
δ0
(1− Eg(e−sγ0gx−αI ))dr

 (16)
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where x =
√
r2 + L2 from (3).
For Gamma distributed random variable X of shape and scale parameters (m,n),
E(e−Xs) =
1
(1 + sn)m
. (17)
So for a κ−µ shadowed random variable whose probability density function can be represented
as weighted sum of Gamma PDF of parameters (l + µ, 1
c
), using (17)
E(e−sg) =
∞∑
l=0
wIl
(1 + s/c)l+µ
(18)
As the weights sum to 1, substituting (18) in (16),
LI(s) = e
−ρI
∞∑
l=0
wIl
∞∫
δ0
(1− 1
(1+
sγ0
c (r
2+L2)
−
αI
2 )l+µ
)dr
(19)
Initially we assume inter-lane distance L to be much smaller than the longitudinal distance r
[3]. Later, we derive ranging success probability for arbitrary L too.
Assuming r >> L, using the identity
∞∫
δ0
(1− 1
(1+sr−αI )m
)dr=δ0(−1+2F1(− 1αI ,m,1−
1
αI
,− s
δ
αI
0
))
in (19), we get
LI(s) = e
−ρI
∞∑
l=0
wIlδ0(−1+2F1(− 1αI ,l+µ,1−
1
αI
,− sγ0
cd
αI
0
))
(20)
Substituting (20) in (14) and c = µ(1 + κ), Ps in (13) is derived.
In [16] the number of weights N required to express PDF of different fading channels in terms
of weighted sum of Gamma PDFs have been discussed. Similarly, to express κ-µ shadowed fading
PDF in terms of weighted sum of Gamma PDF, the number of weights (wIl) required depends
on the parameters and is typically not very large [19].
Instead of the accurate ranging success probability expression in (13), a much simplified
expression can be derived by approximating κ-µ shadowed random variable using a single
Gamma random variable as in [13].
Corollary 1. For arbitrary αd, αI , δ0, when desired channel experiences Rayleigh fading and
interferers experience κ-µ shadowed fading, approximate ranging success probability is
Ps =
N∑
i=1
wie
−ρIδ0(−1+2F1(− 1αI ,k,1−
1
αI
,−TR
2αdγ0θ
c0gptiδ
αI
0
))
e
Tσ2R2αd
c0gpti
(21)
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where (k, θ) = ( mµ(1+κ)
2
m+µκ2+2mκ
, m+µκ
2+2mκ
mµ(1+κ)2
).
Proof. The PDF of power of κ−µ shadowed fading interferer channel gx of unit mean, in (15) can
be approximated by Gamma random variable of parameters (k, θ) = ( mµ(1+κ)
2
m+µκ2+2mκ
, m+µκ
2+2mκ
mµ(1+κ)2
)
[13]. Hence in (16),
E(e−sγ0gx
−α
) =
1
(1 + sγ0x−αθ)k
where x =
√
r2 + L2.
LI(s) = e
−ρI
∞∫
δ0
(1− 1
(1+sγ0θ(r
2+L2)−αI/2)k
)dr
(22)
Hence for L=0, following same steps as in Theorem 1,
LI(s) = e
−ρIδ0(−1+2F1(− 1αI ,k,1−
1
αI
,− sγ0θ
δα
0
))
(23)
Substituting (23) in (14), Ps in (21) is derived.
In [13] it has been shown that approximation is tight for different parameters of κ, µ, m. We
also show later through simulations that the ranging success probability in (21) matches well
with simulation.
Next we will derive the ranging success probability when interferers experience different fading
models such as Rayleigh, Rician, Nakagami-m etc. as special cases. We derive these from the
approximate ranging success probability in (21). By following same steps, special cases can be
derived from accurate ranging success probability in (13) too.
For Nakagami-m, Rayleigh fading, the ranging success probability derived in Corollary 3-4
from approximate Ps in (21) is same as deriving from accurate Ps in (13).
B. Rician shadowed fading
For Rician shadowed fading, ranging success probability is derived from (21), for µ=1, κ=K.
C. κ-µ faded interferer channels
In this Section we shall derive ranging success probability when interferers experience κ-µ
fading, which is a special case of κ-µ shadowed fading for m→∞.
Corollary 2. When desired channel experiences Rayleigh fading and interferers experience κ-µ
fading, ranging success probability is
Ps =
N∑
i=1
wie
−ρIδ0(−1+2F1(− 1αI ,k,1−
1
αI
,−TR
2αdγ0θ
c0gptiδ
αI
0
))
e
Tσ2R2αd
c0gpti
(24)
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where (k, θ) = (µ(1+κ)
2
1+2κ
, 1+2κ
µ(1+κ)2
).
Proof. In (21), parameter k = mµ(1+κ)
2
m(1+µκ
2
m
+2κ)
. Allowing m → ∞, k = µ(1+κ)2
(1+2κ)
. Similarly θ is
derived as θ = 1
k
.
D. Rician faded interferer channels
For Rician fading, ranging success probability is derived from (24) by substituting µ=1, κ=K.
E. Nakagami-m faded interferer channels
In this Section we shall derive ranging success probability when interferers experience Nakagami-
m fading of shape parameter mˆ, which is a special case of κ-µ fading for µ = mˆ, κ = 0.
Corollary 3. When desired channel experiences Rayleigh fading and interferers experience
Nakagami-m fading, ranging success probability is
Ps =
N∑
i=1
wie
−ρIδ0(−1+2F1(− 1αI ,mˆ,1−
1
αI
,− TR
2αdγ0
c0tigpmˆδ
αI
0
))
e
Tσ2R2αd
c0tigp
(25)
Proof. Nakagami-m fading of shape parameter (mˆ), scale parameter ( 1
mˆ
) is a special case of
κ-µ fading for µ = mˆ, κ = 0. Substituting in (24), the ranging success probability in (25) is
derived.
F. Rayleigh fading
Ranging success probability when interferers experience Rayleigh fading is derived from (25)
for mˆ=1. For arbitrary inter-lane distance L, ranging success probability is derived next when
interferers experience Rayleigh fading, for αI = 2.
1) Ranging success probability for arbitrary L:
Corollary 4. For arbitrary inter-lane distance L, αd, δ0, when desired channel experiences
Rayleigh fading and interferers experience Rayleigh fading, ranging success probability Ps is
N∑
i=1
wie
−Tσ2R2αd
c0gpti e
−ρI
TR2αdγ0
c0tigp
ArcCot[
δ0√
L2+
TR2αdγ0
c0tigp
]
√
L2+
TR2αdγ0
c0tigp (26)
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Proof. To derive ranging success probability, LI(s) is first computed. From (16)
LI(s) = exp

−ρI
∞∫
δ0
(1− Eg(e−sγ0g(r2+L2)−α/2))dr


As the interferers are Rayleigh distributed of unit mean, and αI=2
LI(s) = exp

−ρI
∞∫
δ0
(1− 1
1 + sγ0(r2 + L2)−1
)dr


= exp

−ρI sγ0ArcCot(
δ0√
L2+sγ0
)√
L2 + sγ0

 (27)
Substituting (27) in (14), for αI=2, Ps in (26) is derived.
V. RANGING SUCCESS PROBABILITY WHEN DESIRED CHANNEL EXPERIENCES NO-FADING
In this Section, we derive ranging success probability when the desired channel experiences
no-fading and interferers experience κ-µ shadowed fading. Using this result, ranging success
probability is derived for special cases such as Rayleigh, Nakagami, Rician, κ-µ fading etc.
This is a significant improvement over [3] in which closed form results were derived only for
no-fading in interferers. The difference from analysis in above Section is that, since the desired
channel experiences no-fading, to derive the ranging success probability, Laplace transform of
interference is not sufficient. Instead, CDF of interference will be required which restricts the
parameters to be αI = 2, δ0 = L = 0, as closed form expression for CDF of interference is not
known for arbitrary parameters.
A. κ− µ shadowed fading interferer channels
Similar to discussion in previous Section, first we derive accurate ranging success probability
and then a simpler approximation is derived in Corollary 5.
Theorem 2. When interferers experience κ-µ shadowed fading and desired channel experiences
no-fading, for arbitrary αd, ranging success probability is
Ps = Erfc


ρI
√
piγ0
∞∑
l=0
wIl
Γ(0.5+l+µ)
Γ(l+µ)
2
√
µ(1 + κ)( c0R
−2αd
T
− σ2)

 (28)
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wIl =
Γ(m+l)(µκ)lmm
(µκ+m)m+lΓ(m)l!
.
Proof. For the special case of αI=2, L=0, δ0 = 0 as considered in [3], from (19)
LI(s) = e
−ρI
∞∑
l=0
wIl
∞∫
0
(
(1+
sγ0
c r
−2)l+µ−1
(1+
sγ0
c r
−2)l+µ
)dr
Using the identity ∫ ∞
0
(1− 1
(1 + sr−2)m
)dr =
√
pis
Γ(0.5 +m)
Γ(m)
, (29)
LI(s) = exp
(
−ρI
√
sγ0pi/c
∞∑
l=0
wIl
Γ(0.5 + l + µ)
Γ(l + µ)
)
Use Levy’s distribution [(3.23) in [18]], i.e. if LI(s) = exp(−
√
2as) then F (x) = Erfc(
√
a
2x
).
Hence , the CDF of interference is
FI(x) = Erfc


ρI
√
piγ0
∞∑
l=0
wIl
Γ(0.5+l+µ)
Γ(l+µ)
2
√
cx

 (30)
From (4),
Ps = FI
(
S
T
− σ2
)
(31)
Therefore ranging success probability in (28) is obtained by combining (30), (1), (31), for gp=1.
Corollary 5. When interferers experience κ-µ shadowed fading and desired channel experiences
no-fading, approximate ranging success probability is
Ps = Erfc

 ρI√piγ0θΓ(0.5 + k)
2Γ(k)
√
c0R
−2αd
T
− σ2

 (32)
where k= mµ(1+κ)
2
m+µκ2+2mκ
, θ = 1
k
.
Proof. For the special case of αI=2, L=0, δ0 = 0 as considered in [3], substituting (29) in (22),
LI(s) = e
−ρI
√
πsγ0θ
Γ(0.5+k)
Γ(k)
Using Levy’s distribution as in Theorem 2,
FI(x) = Erfc
(
ρI
√
piγ0θΓ(0.5 + k)
2
√
xΓ(k)
)
(33)
Therefore ranging success probability in (32) is obtained by combining (33), (1), (31), for gp=1.
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B. Rician shadowed fading interferer channels
Ranging success probability is obtained from (32) by substituting µ=1, κ=K, where K is the
Rician shape parameter.
Next, ranging success probability from (28) is derived when interferers experience κ-µ fading.
C. κ-µ faded interferer channels
Corollary 6. When interferers experience κ-µ fading, ranging success probability is
Ps = Erfc

 ρI√piγ0θΓ(0.5 + k)
2Γ(k)
√
c0R−2αd
T
− σ2

 (34)
where k=µ(1+κ)
2
1+2κ
, θ = 1
k
.
Proof. κ-µ fading is a special case of κ-µ shadowed fading when shadowing parameter m→∞.
Ranging success probability is derived from (32) for m → ∞. Follows the same steps as the
proof in Corollary 2, to derive ranging success probability.
D. Rician faded interferer channels
Ranging success probability is obtained from (34) by substituting µ=1, κ=K, where K is the
Rician shape parameter.
Ranging success probability for Nakagami, Rayleigh and no fading cases in Corollary 7 - 9
are exact expressions and can be derived from either (28) or (32).
E. Nakagami-m faded interferer channels
Corollary 7. Ranging success probability when interferers experience Nakagami-m fading of
shape parameter (mˆ), scale parameter ( 1
mˆ
) is
Ps = Erfc

 ρI√piγ0Γ(0.5 + mˆ)
2Γ(mˆ)
√
mˆ( c0R
−2αd
T
− σ2)

 (35)
Proof. Ranging success probability is derived from (34) for µ = mˆ, κ = 0.
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F. Rayleigh faded interferer channels
Corollary 8. When interferers experience Rayleigh fading, ranging success probability is
Ps = Erfc

 ρI√γ0pi
4
√
( c0R
−2αd
T
− σ2)

 (36)
This is derived from (35) by substituting mˆ = 1.
G. No fading in interferer channels
In this Section we derive ranging success probability for no fading as a special case, which
is verified with equation (33) derived in [3].
Corollary 9. When interferers experience no fading, ranging success probability is
Ps = Erfc

 ρI√piγ0
2
√
( c0R
−2αd
T
− σ2)

 (37)
Proof. Interferers experience no fading when mˆ→∞. Using the identity [19], for large n
Γ(n+ a)
Γ(n+ b)
=
1 +
(a−b)(a+b−1)+O( 1
n2
)
2n
nb−a
,
Using the above identity, as mˆ→∞,
Γ(0.5 + mˆ)√
mˆΓ(mˆ)
→ 1. (38)
Substituting (38) in (35), ranging success probability in (37) is derived, and is same as equation
(33) in [3].
VI. RESULTS
The plots below are for αd=αI unless stated otherwise. The parameters used for all these
plots unless stated otherwise is unity for distance to target (R), γ0, γ1, interferer density (ρI )
and path loss exponent is 4. In plots Fig. 6-Fig. 9, path loss exponents used are αd=4, αI=2. In
Fig. 2, ranging success probability is plotted for interference limited system (no noise), when
desired channels experience Rayleigh fading and the interferers experience Nakagami/Rayleigh
fading. The theoretical results derived in Corollary 3 are verified with simulation. This plot is
for number of weights N=10 and shows that it is sufficient for a wide range of mean of the
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desired channel power (gp) from -10 dB to 20 dB. With increase in mˆ i.e. as interfering channel
becomes stronger with lesser fading, Ps decreases. For rest of plots, unit mean desired channel
power (gp) is assumed.
In Fig. 3, ranging success probability is plotted for interference limited system, when desired
channels experience Rayleigh fading and the interferers experience κ-µ shadowed fading. The
plot is for m=1 (heavy shadowing) case. For different combinations of κ, µ we show that using
the approximation of κ-µ shadowed fading with a single Gamma distribution matches well with
simulation. The analytical expression in Corollary 1 is verified in this plot.
In Fig. 4, ranging success probability is plotted for interference limited system, when desired
channels experience Rayleigh fading and the interferers experience κ-µ fading. The plot is
for m=∞ (no shadowing) case. For different combinations of κ, µ we show that using the
approximation of κ-µ shadowed fading with a single Gamma distribution matches well with
simulation. The analytical expression in Corollary 2 is verified in this plot. For Rician fading
(µ=1) as the Rician factor κ in interferer increases from 0 to 20, Ps decreases , as the interferer
becomes stronger with increase in LOS component κ.
In Fig. 5, the impact of parameters κ, µ and m on ranging success probability is plotted
when interferers experience κ-µ shadowed fading. In Fig. 4 it was shown that when m > µ
i.e. m =∞, µ = 1, with increase in κ, Ps decreases. Similar effect is observed here too when
m > µ. When m < µ, with increase in κ, we observe increase in Ps. And when m = µ, change
in κ does not affect the ranging success probability. So when there is no shadowing (m =∞), m
will be always greater than µ and with increase in LOS component κ in interferer, Ps decreases.
Whereas when there is full shadowing (m=0.5), m will be always lesser than number of clusters
µ and with increase in LOS component κ in interferer, Ps increases. So the effect of LOS
component κ on Ps depends on the relationship between shadowing component (m) and number
of clusters (µ). To the best of our knowledge, this is the first time such an observation has been
made in literature.
In Fig. 6, when the longitudinal distance is δ0=0, the impact of increase in inter-lane distance
L is more profound than for δ0 = 2. So for planners, if the longitudinal distance is very less,
then to increase the ranging success probability, increasing the longitudinal distance will be a
good solution. Similarly when the inter-lane distance is L=0, increasing the longitudinal distance
δ0 has more profound impact than doing the same when inter-lane distance is L=2. So in highly
dense cities with narrow roadways, where L is very low, increasing δ0 will help in a significant
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increase of ranging success probability. In this plot, expression in Corollary 4 is also verified
with simulation.
In Fig. 7, ranging success probability is plotted for different interfering fading channels when
desired channel experiences no fading. Ranging success probability when interferer experiences
κ-µ shadowed fading (Corollary 5) is verified by simulation. Ranging success probability when
interferer experiences κ-µ fading (m → ∞ Corollary 6 ) is verified by simulation. Similarly
ranging success probability (Cor. 7) when interferers experience Nakagami-m fading (m →∞,
κ=0, µ = mˆ) is verified by simulation. We also compare the ranging success probability when
desired channel experiences Rayleigh fading to desired channel not experiencing fading. There is
a significant decrease in ranging success probability when desired channel experiences Rayleigh
fading. When desired channel experiences fading, and we design the system assuming there is no
fading, will lead to aggressive design resulting in significant errors. This implies that to achieve
a certain ranging success probability, we will design the system assuming it will require higher
SINR threshold than what will be actually needed. This shows the importance of the expressions
derived in this paper for desired channel being Rayleigh faded.
In Fig. 8, ranging success probability is plotted for a system affected by both interference
and additive white Gaussian noise (0 dB). With increase in µ (number of clusters), interference
becomes stronger thus reducing the ranging success probability. With decrease in m (increasing
shadowing), interference weakens thus resulting in increase of ranging success probability. The
parameter γ0 is present in both the signal and interference component. In an interference limited
system, change in γ0 does not impact Ps. In system with AWGN noise, change in γ0 impacts
Ps. We observe that with increase in parameter γ0, ranging success probability increases. The
parameters used are α=2, γ1 = 2, R=1, ρI = 2.
In Fig. 9, when desired channel experiences no fading, ranging success probability is plotted
when interferers experience Rayleigh fading (36) and no-fading (37) along with simulation
results. When interferers experience no-fading i.e. when interferers are stronger, Ps is lesser
than the case when interferers experience Rayleigh fading. When interferers experience fading,
and we design the system assuming there is no fading in interferers, will lead to conservative
design. This implies that to achieve a certain ranging success probability, we will design the
system assuming it will require lower SINR threshold than what will be actually needed. This
shows the importance of the expressions derived in this paper for interferer being Rayleigh faded
(36).
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In Fig. 10, ranging success probability is plotted for a constant path loss exponent of desired
signal αd=3. When longitudinal distance δ0 is very low (0), and path loss exponent of interferer
(αI) increases, then ranging success probability decreases, due to increase in interference power.
Interference power increases with increase in αI , as the interferers can be lesser than one unit
distance, since δ0 is very low. When δ0 is moderately high (> 1), and path loss exponent
of interferer (αI) increases, then ranging success probability increases due to reduction in
interference power.
In Fig. 11, ranging success probability is plotted for a constant path loss exponent of inter-
ference signal αI=3. When the distance to the desired target (R) is very low (0.5), and path
loss exponent of desired signal (αd) increases, then ranging success probability increases due
to increase in desired signal power. Desired signal power increases with increase in αd, as
the desired target is lesser than one unit distance. When the distance to the desired target is
moderately high (R=1.5), and path loss exponent of desired signal (αd ) increases, then ranging
success probability decreases due to reduction in desired signal power.
VII. CONCLUSIONS AND FUTURE WORK
In this paper we have derived the ranging success probability of automotive radar system,
considering Poisson point process modeled interferers. State-of-art literature had derived closed
form expressions considering no-fading in desired channel and interferers. We have assumed
generalized κ-µ shadowed fading in interferers. For desired channel, we have considered both
Rayleigh and no-fading cases which required different methods to derive the results.
As κ-µ shadowed fading generalizes Rayleigh, Rician, Nakagami-m fading etc., ranging
success probability for these fading models are also derived. When we consider Rayleigh fading,
in radar applications, the total desired channel will be Rayleigh-Rayleigh. To make the analysis
amenable for PPP network assumption, we have expressed the PDF of power of Rayleigh-
Rayleigh channel as weighted sum of exponential PDF. This helped in expressing ranging success
probability in terms of Laplace transform of interference. To the best of our knowledge, even
the state-of-art PPP literature has not dealt with product “Rayleigh-Rayleigh” channels.
Also, to the best of our knowledge, for the first time, in this paper we have studied how
the relationship between shadowing component (m) and number of clusters (µ) can affect the
impact of LOS component (κ) on ranging success probability. We have shown that when there is
full shadowing (m=0.5), with increase in LOS component κ in interferer, Ps increases. Similarly
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Fig. 2: Ranging success probability when interferer experiences Nakagami-m/Rayleigh fading
when there is no shadowing component (m=∞), with increase in LOS component κ in interferer,
Ps decreases.
We have also made recommendations for when it would be best for city planners to increase
longitudinal distance (δ0) for a given inter-lane distance or vice versa. We have also observed
how the value of distance to desired target (R) can influence the impact of change in desired
path loss exponent (αd) on ranging success probability. Similarly, we have also observed how
the value of longitudinal distance (δ0) can influence the impact of change in interferer path loss
exponent (αI) on ranging success probability.
We have also shown the importance of results derived in this paper assuming fading, comparing
it with no-fading cases in desired and interfering channels. By not considering fading in desired
channels, to achieve a certain ranging success probability, we will design the system assuming
it will require higher SINR threshold than what will be actually needed. By not considering
fading in interferer channels, to achieve a certain ranging success probability, we will design the
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Fig. 3: Ranging success probability when interferer experiences κ-µ shadowed fading with m=1
system assuming it will require lower SINR threshold than what will be actually needed. The
formulae derived for different fading scenarios will help system planners get an idea of SINR
threshold required to achieve target success probability, for any of the popular fading that they
observe in real life scenarios.
The results derived in this paper for Rayleigh fading in desired channels can be easily extended
to Nakagami-m fading channels. But to consider generalized κ-µ shadowed fading in desired
channels and derive simple closed form results is a significant open problem.
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Fig. 6: Ranging success probability for arbitrary inter-lane distance when interferer experiences
Rayleigh fading
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Fig. 7: Ranging success probability when desired channel experiences No-fading or Rayleigh
fading
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Fig. 8: Ranging success probability in presence of noise
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Fig. 9: Ranging success probability in presence of no fading and Rayleigh fading in interfering
channels
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Fig. 10: Ranging success probability for constant αd
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Fig. 11: Ranging success probability for constant αI
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